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A method is described for the measurement of the isotopic ratio of ‘3C0,/‘2COz in expired 
air from individual mice and from humans br, means of a quadrupole-based mass spectrom- 
eter system. Followin4the administration of C-methyl methionine or another appropriately 
labeled substrate, the C portion of the molecule is converted to 13C02. The “COZ enters the 
carbonate pool(s) and is ultimately eliminated in the expired air where it is available for 
analysis. The expired air is transported by a small pump from the subject to a digital valve 
which provides for the alternate influx of expired air and standard into the mass spectrome- 
ter for 30 or 60 seconds each, respectively. The inlet consists of a control valve connected to a 
microbore stainless steel tube, and can be adjusted manually to achieve a source pressure of 
4 x lo-’ torr. The correction factors for drift in sensitivity and in the mass axis are generated 
by repeated, automatic analysis of the running standard and relating those measurements to 
values generated for the standard during the first minutes of the experiment. Each measure- 
ment of an isotopic ratio in expired air is corrected by an amount determined by the standard 
immediately preceding it. Precision for the measurements of both sample and standard ratios 
is kO.Z%. The technique should prove useful in assessing the metabolism of substrates that 
are converted to CO, and may find utility as a diagnostic tool for certain diseases and 
metabolic disorders. (J Am Sot MRSS Spectrom 3992, 3, 742-749) 
I n years past it was claimed that a good diagnosti- cian could identify particular diseases or conditions by smell alone. Unfortunately, not all conditions 
yield metabolites that are detectable by the human 
nose, and thus a more sensitive and quantitative 
method has been sought-one that for certain, suitably 
labeled substrates, would open a window on the inter- 
nal milieu. 
With the development of “C-labeled substrates it 
became possible to follow the course of radioactivity 
through the body. If the radioactive carbon was prop- 
erly placed within the molecule of interest, the evolu- 
tion of 14C0, could be followed in the expired air. 
Although 14C is of minimal hazard, it is not completely 
without risk either to those who receive it for diagnos- 
tic purposes or to those who administer it. Fortunately, 
similar results are available through the use of “COZ, 
which is easily measured by means of mass spectromc 
try. 
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The first report of breath analysis of r3C-enriched 
CO, was by Duchesne and van de Vorst in 1968 [l], 
and was confirmed by Jacobson and co-workers in 
1972 [2]. Soon thereafter, the technology was used to 
evaluate metabolism related to a number of diseases 
including: cirrhosis [3], fatty acid malabsorption [4], 
gastric ulcers caused by campylobacter pylori ]5], 
schizophrenia and depression 161, and cancer [7]. 
Schoeller et al. [8] and Irving et al. [91 have contributed 
greatly to our understanding of CO, elimination fol- 
lowing bicarbonate infusions and the metabolism of 
certain labeled carbohydrates. Some of the more rapid 
metabolic events that occur are not yet well docu- 
mented or understood because of the difficulty in 
collecting sufficient numbers of samples of sufficient 
size to describe them. The reasons behind the limita- 
tions are quite clear. Tne investigators have all used 
breath collecting devices ranging from cold traps to 
balloons to bags to specially designed vacutainers. The 
purpose has been to carefully quantify the CO, in 
expired air while excluding extraneous contributions 
from the samples themselves or from the surrounding 
environment. Although the approaches and the results 
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in these experiments have been quite good, breath I 
collecting devices have numerous inherent limitations 
which restrict their application. Specifically, they re- 
quire cooperation from the subject and a minimum air 
i”“““i”“~~““““““~ 
volume. Thus, they are ill suited to the development of 
small animal models, and of limited use in the evalua- 
tion of children, especially neonates. With the excep- 
tion of Israelstam et al. [6], who monitored 14C02 
T I 
Methionine ofal dd~6 
in expired air, and Fumer et al. [7], who 
COO Measurement 
continuous1 
monitored 11 CO,/ “CO, ratios in expired air, the anal- 
Figure 1. Model for the introduction of the substrate, its conver- 
sion to CO,, and its elimination. K, represents formation and K, 
yses were not only off-line, but generally required 
significant time to accomplish. Thus, the procedures 
were of little use for diagnosing acute metabolic condi- 
tions requiring immediate attention. Today, although 
the tech;loloG has improved, few investigators have 
ready access to an isotope ratio mass spectrometer and 
real-time analyses have not been reported until now. 
Our objective was to eliminate the requirement for 
breath collection and fractional distillation prior to the 
determination of isotope ratios by mass spectrometry. 
Thus, we have adapted a quadrupole mass spectrome- 
ter to provide continuous analysis of ‘“C0,/“C02 
ratios in expired air from mouse and humans. Samples 
required are small, and are analyzed on-line without 
manipulation. The drift in sensitivity reported by 
Nelson [lo] has been corrected through the repeated 
measurement of the internal, running standard just 
prior to the sample. Computer algorithms have been 
developed to correct for the drift in the mass axis. 
Most important, the results are available for evaluation 
in hours instead of days. We used “C-methyl methion- 
elimination of ‘3C0,. More than one rate constant for each is 
possible for formation and elimination, as indicated by numerical 
subscripts in the text. 
small in comparison with the change in 13C0,, we 
focus only on the changes in 13C0, and ignore the 
small increase in the *3C0,/ ‘?O, ratio that would 
occur as a result of the correction in “CO, (see Figure ~, 
I” 
Instrumentation. Expired air from a mouse or human 
was sampled at the nose under negative pressure and 
was drawn via Tygon tubing (i.d. 0.090 in.) to a small 
pump previously used to oxygenate a fish tank. The 
air was then directed under positive pressure through 
Tygon tubing (id. 0.090 in.> to a T-fitting which served 
as a pressure control device by venting to atmosphere 
that portion of the sample not required for analysis. 
The portion of the sample to be analyzed continued in 
the Tygon tubing to the digital switching valve. The 
ine as a test substrate to design a mouse model with standard gas mixture for the running standard was 
the ultimate goal of evaluating the report of Israelstam also delivered to the switching valve under positive 
et al. [6] that schizophrenics and depressed patients pressure from the tank, and also incorporated the 
metabolize methionine in a different fashion than do T-fitting for pressure control. The T-fitting prevented a 
controls. build-up of pressure in the sample line during the time 
the running standard was being measured and vice 
Methods 
versa. A short section (- 50 cm) of fused silica capil- 
lary (i.d. 0.01 in.) transported the sample and the 
Theoretical Basis. Under resting conditions the body 
generates and eliminates CO, at a relatively constant 
rate. The primary route of CO, elimination is in ex- 
pired air, but losses also occur in urine, feces, and 
through the skin. ‘*CO, (yielding m/z 44) is the pre- 
dominant isoto ic species, comprising nearly 99% of 
the total, while J?.Y CO, makes up the balance or slightly 
over 1%. For our purposes the other isotopic species, 
while present, are not considered significant, and are 
not discussed in this report because they will be formed 
in the same proportion as m/z 45 unless there are 
analytical standard on an alternating basis from the 
automatic switching valve (Valco Digital Valve Se- 
quence Programmer, Valco Instruments, Houston, TX) 
to a Nupro valve (Birmingham Valve and Fitting, 
Birmingham, AL). The sample or standard entered the 
control valve through the fused silica capillary and 
exited to the mass spectrometer source through rnicro- 
bore stainless steel tubing commonly used in high 
performance liquid chromatography (0.d. 0.06 in.; i.d. 
0.01 in.). The microbore tubing was welded inside a 
larger stainless steel tube (o.d. 0.25 in.; i.d. 0.082 in.) to 
match the inlet port of the HP 5985 mass spectrometer. 
factors related to the isotope per se that might alter the 
metabolism. Under normal conditions the 13C0, is 
A schematic of the inlet is shown in Figure 2. The 
probe tip was positioned approximately 2 cm from the 
produced and eliminated at the same rate as ‘2c0, 
(Figure 1). Upon enrichment of the carbon pool with a 
suitably labeled substrate, the rate of CO, formation 
would not be expected to change, but the proportion of 
‘?O, being formed will increase in proportion to the 
available substrate. Because the decrease in “CO2 is so 
source, which resulted in a maximum signal for CO,. 
The mass spectrometer was an HP 5985B quadrupole 
system (a gift from Texaco, Inc., Port Arthur, TX) with 
the inlet from the gas chromatograph plugged. The 
source temperature was maintained at 200 “C, and the 
manifold at 140°C. The source pressure was main- 
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o.d. .25in 1 o.d. .06in 1 
Figure 2. Inlet probe designed to bleed gas into the HP5985 
n-lass spectrometer. 
tained at 4 x lo-” torr by means of the Nupro control 
valve. Some mixing of the sample was inevitable, but 
such mixing as occurred appeared to cause no problem 
in the measurement of the isotopic ratios. 
D&a Callection. Data were collected in the selected 
ion monitoring mode using an HP1000 series computer 
under the control of Answer Software. Mass-to-charge 
ratios and measuring, or dwell, times were as follows: 
m/z 40.0 (Ar ‘,I, 50 ms; m/z 44.0 (‘*CO; I, 50 ms; m/z 
45.11 (‘“CO:-), 50 ms; RI/Z 600.0 (dummy mass), 450 
ms. Total scan time was 600 ms. Argon is found in 
ambient air at a concentration of about lYo, whereas it 
was of much lower concentration in the standard. This 
made argon an inexpensive marker for use in the data 
reduction algorithm to determine whether sample or 
standard was being measured. The ion of m/z 600.0 
was measured to provide a time-out or rest period for 
the mass spectrometer to prevent excessive loss of 
sensitivity and to help maintain machine stability; es- 
sentially no ions were detected during this time. Ex- 
periments were conducted for up to 4 h with mice or 
humans. Approximately 15,000 data points were col- 
lected, each consisting of individual abundances (dig- 
itized signal) for the four masses described above. 
A mixture of Ne:CO, (95:5) was purchased locally 
from AirCo Medical Gas Products. Dilution (1:2) with 
compressed air that was low in argon (i 0.2%) pro- 
vided a mixture with a CO, concentration of approxi- 
mately one-half the maximum of that occurring in 
mouse or human breath during exhalation. 
As shown in Figure 3 the instrument was not stable 
with respect to sensitivity because the apparent abun- 
dance of argon in ambient air declined over time. The 
isotopic ratio determined for the running standard also 
changed over time, as shown in Figure 4. Continuous 
corrections were made to the data by measuring the 
standard for 30 s and the sample for 60 s in alternating 
fashion, as shown in Figure 5. What appears to be 
noise in the CO, measurement is actually the result of 
changes in the CO, concentration that occur during the 
breathing cycle. Relatively smooth portions of the same 
trace represent the measurement of the running stand- 
ard that is described below. Notice that 13C02 and 
“CO2 change in very similar fashion. However, small 
Figure 3. Raw data demonstrating the decline in sensitivity 
over time. The apex of each peak represents the sample; the nadir 
represents standard. Sample gas was monitored for 60 s and the 
standard for 30 s. Numbers at the bottom are scan numbers, each 
of which represents approximately 600 ms. Numbers directly 
above the mass represent the maximum signal for that mass 
during the experiment; all values are normalized for graphic 
presentation. Trace A is the selected ion monitoring profile of 
Ar+ of m/z 40.0; Trace B of 12C0,+ of VI/Z 44.0; Trace C of 
‘?33, / of m/z 45.0. 
17 , 
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Figure 4. Ratios of ‘3C0,/ “CO2 in untreated human control 
demonstrate the need for correction of the data because the 
running standard does not have zero slope. (~1 Uncorrected 
ratios for expired air; (t) uncorrected ratios for standard; (0) 
corrected ratios for expired air. Calculations shown in the text. 
Figure 5. Raw data from Figure 3, expanded to show detail. 
Sample gas was monitored for 60 s and the standard for 30 s. 
Numbers directly above the mars represent the maximum signal 
for that mass during the experiment; all values are normalized 
for graphic presentation. Trace A is the selected ion monitoring 
profile of AI+- of IN/Z 40.0; Trace 6 of ‘*CO,,. of m/z 44.0; Trace 
c of ‘“co,+ of m/z 45.0. 
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quantitative differences are generated following the 
administration of 13C-labeled substrate, and those 
changes are described below. 
Data Reduction. An algorithm was developed to uti- 
lize the data such that each corrected ratio for the 
sample would be related to values for a corrected 
standard ratio immediately preceding it. The average 
ratio for the analytical standard, 5 minute standard, 
was determined over the first 5 minutes of the experi- 
ment. Then the 5 minute standard ratio was divided 
by the absolute standard for 13C0,/ 12C02, which 
provided a correction factor for the day-to-day varia- 
tion in the machine. 
5 min standard/absolute standard 
= corrected 5 min standard (1) 
During the experiment a 30-s measurement of the 
running standard preceded the 60-s measurement of 
sample. The corrected 5 minute standard divided by 
the running standard was termed the drift factor, 
which was aimed specifically at the drift in sensitivity 
and the shift in mass axis during the course of the 
experiment. 
corrected 5 min standard/running standard 
= drift factor (2) 
The sample ratio was multiplied by the drift factor (eq 
21, resulting in a corrected sample ratio. 
able ratios were generated from those individual 
spectra with abundance less than the dynamic range 
(- 32,760) while those in excess of that amount 
were eliminated from the calculation. Spectra for which 
the abundance for i3C0, was 20 u or less were also 
eliminated from the calculation. 
Phrmacokinetics. Raw data were extracted from the 
files and reduced to averages and corrected ratios by 
means of a program written in BASIC especially for 
that purpose. The reduced data were transferred man- 
ually to an Apple SE computer equipped with a graph- 
ics package, statistical programs, and a spread sheet_ 
Analysis of variance, standard error, and mean values 
were determined to assure reproducibility. The data 
were plotted, and a nonlinear regression was per- 
formed on selected terminal segments of the data. 
Curve stripping was accomplished manually with the 
help of the spread sheet. The process was repeated as 
needed to generate terms with which to express the 
model as folIows: 
R = - Ae$ - Be&F + Ce$ + De;; (4) 
R is the ratio of 13C0,/ 12C02 at time t. A, B, C, and D 
are intercept values. K,, and K, represent the rates of 
change in the ratio of 13C0,/12C02 in the expired air 
during the time that the concentration of 3C0, is 
increasing in the expired air. KEl and KE2 are rates of 
change in the ratio of ‘3C02/12C02 in the ex 
R 
ired air 
during the time that the concentration of co, is 
declinin9. It is critical to remember that changes in the 
expired -air merely reflect events that have” recently 
occurred in the body. While not all terms are found in 
each experiment, the model is still the simplest one 
that is applicable to all of the experiments. Optimizing 
the fit was not attempted, although in most cases 
several attempts were made to eliminate obvious er- 
rors. Better curve fitting procedures will provide a 
basis for modifying the experimental design of future 
experiments. Fitted data were generated by means of 
the spread sheet, and are shown for comparative pur- 
poses. 
Mouse Studies. Female Charles River mice weighing 
approximately 23 g were purchased from Jackson Labs 
and housed in shoe-box cages until used in the experi- 
ment. BALB/c mice, control and genetically deficient, 
were raised in a pathogen-free environment in 
University facilities. There were four mice used per 
sample ratio X drift factor = corrected sample ratio (3) 
The standard used is sufficient provided that the 
changes in the sample are considered in relative rather 
than absolute terms, and provided that the measure- 
ments of the two masses (m/z 44 and 45) are independ- 
ent. In this report there is no attempt at quantitative 
analysis, the measurements are independent and the 
relationship between the two masses within the time 
period measured is a constant (data not shown). Fur- 
ther support for the linearity of measurement and the 
applicability of the standard is that the formation and 
elimination of CO, is the sum of two or more expe 
nential functions described in eq 4, and each of these 
functions can be described in a log linear fashion. 
Corrected data were multiplied by 1000 to facilitate 
inspection. The initial values for the 5 minute standard 
(eq 1) were corrected to a nominal absolute value to 
account for daily variation in machine performance 
because exact ratios for 13C0,/ ‘*CO2 were not avail- 
experiment except in the case of BALB/c, where o&y 
one experimental and one control mouse were avail- 
able with the system. The running standard ratio, able. A restraining chamber was fabricated from a 50 
which was measured over 30 s, was constantly cor- ml syringe [ll] that was modified with a conical pro- 
rected to initial conditions, as described in eqs l-3, jection on the nipple end which was perforated to 
and the drift factor was used to adjust the sample allow the influx of air under vacuum. The cone was 
ratio, which was the average of acceptable ratios that strategically designed such that the mouse received 
were measured during 60 s. Because the abundance adequate air only when the nose was inserted into the 
available for measurement affected the ratios, accept- cone. The sampling line from the pump was attached 
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to the end of the cone. Air flow from the tip of the cone 
was approximately 60 ml min ml (approximately three 
times the minimum required by a mouse) and was 
provided by a small pump previously used in a fish 
tank. Air was transported from the chamber to the 
pump under negative pressure, and then to the inlet 
valve of the mass spectrometer under slight positive 
pressure. Positive pressure at the inlet was essential in 
maintaining proper source pressure. 
On the day of the experiment a mouse was selected, 
weighed, and placed in the restraining chamber for 
approximately 15 min to allow initial accommodation 
to the chamber, and thus reduce random “escape-ac- 
tivity“ during the experiment. Following the 
accommodation phase, baseline data were collected for 
15 min. The mouse was then removed from the cham- 
ber and dosed intraperitoneally (i.p.1 or orally (p-0) 
with ‘“C-methyl methionine, 90% enriched from Merck 
lsotopes (Montreal, Canada). Dosing generally re- 
quired no more than 30 s. High doses were 350 mg/kg 
and low doses were 175 mg/kg given in 300 and 200 
~1 of deionized water, respectively. After dosing, the 
animal was returned to the chamber and its expired air 
was monitored for up to 4 h. Animal experiments were 
approved by the Institutional Review Board at the 
University. 
Humnn Studies. One control male with no known 
pathology and one female subject diagnosed as 
manic-depressive, or bi-polar, were referred to the 
study from the clinical units of the Department of 
Psychiatry and Behavioral Neurobiology. The nature 
of the study was explained to them, and they signed a 
consent form prior to being entered into the study. The 
subjects were requested not to eat for 12 h prior to the 
experiment. A brief personal history was taken to 
complement the medical history available from the 
subject’s chart. The ‘“C-methyl methioninc, 99% 
enriched, was purchased from Merck Isotopes and was 
checked for pyrogens prior to dispensing by the 
University Hospital Pharmacy. After 15 min of collect- 
ing baseline data, the subject was asked to drink a 
solution containing 1 g of “C-methyl methionine in 
100 ml deionized water followed by 50 ml of plain 
water. Human experiments were approved by the 
Institutional Review Board of the University and by 
the Food and Drug Administration under IND 24835. 
For breath collection, a two-prong nasal cannula 
was inserted into the nostrils and connected to the 
pump, as described above. Constant sampling rather 
than quantitative collection was the objective. No 
attempt was made to measure the total volume of 
expired air or the concentration of CO, contained 
therein. The ob’ective was to monitor relative changes 
in the ratio of 13 CO,/“CO, as they occurred follow- 
ing the administration of ‘3C-labeled methionine. Sub- 
jects were monitored up to 4 h after dosing. During 
that time movement was allowed, but was not encour- 
aged. 
Results 
Control experiments with untreated subjects (both mice 
and humans) were conducted to define the parameters 
for the experiments described above. Sensitivity was 
adjusted by changing voltages for the repeller, x-ray, 
or electron multiplier to assure an adequate signal 
corresponding to the concentration of 13C02 while the 
signal for 12C0, remained within the dynamic range. 
The mass axis was calibrated manually to m/z 44.0 by 
using the diluted N, : CO, as the calibration standard 
at a source pressure of 4 X 1W5 torr. 
We found that the sensitivity changed with time 
(see Figure 3), and also that the mass axis shifted (or 
drifted) as shown in Figure 4. Note that for uncor- 
rected data in Figure 4 the ratios for both the running 
standard and the sample increased over time. While 
sample composition from a living subject might be 
expected to change for a variety of reasons, the ratio 
obtained from the standard must remain the same. In 
earlier experiments (not shown here) the drift in ratio 
was not predictable as to direction or magnitude, and 
attempts at using other gases including argon as stan- 
dards were unsuccessful. Because the reasons for the 
changes were never completely explained, the correc- 
tions were designed to compensate for both sensitivity 
and stability regardless of the direction of the correc- 
tion required. Fortunately, the drift in sensitivity and 
the change in ratio can be corrected with the applica- 
tion of the appropriate correction factors, as described 
above. With the measurement of 30 independent ra- 
tios, the precision for the measurement of an average 
ratio for the uncorrected sample of expired air from a 
mouse was 12.369 f .O28 {mean + standard error (SE), 
n = 30); the uncorrected running standard ratio was 
11.597 _t ,023 (mean j, SE, n = 30). Variations in the 
ratio within a series of measurements were about 0.2%. 
Over the course of an experiment the corrected aver- 
age ratios were quite consistent. For a human control 
sample the ratio was 12.362 f 0.022 (mean f SE, n > 
60), and for control mice 12.238 + 0.010 (mean k SE, 
n > 60). Data from an untreated human control are 
shown in Figure 4. As with the discrete measurements, 
the precision is about *0.2%. 
In mice that received the low dose of ‘“C-methyl- 
methionine orally (Figure 61, the corrected values for 
the predosing phase were not different from those of 
control mice during the same period. The ratio of 
13C0,/ “CO2 increased exponentially after oral dos- 
ing, and the maximum change occurred within 15 to 
20 min. After reaching a maximum the decline in the 
ratio was also exponential and consisted of three phases 
for mice in this particular experiment. The results from 
the low dose (175 mg/kg) of methioninc given in- 
traperitoneally (Figure 7) were similar although the 
isotope ratio changed more with the i.p. dose, and 
there was only one phase of elimination instead of 
two. As expected, the high dose of methionine (350 
mg/kg) (data not shown) produced much greater 
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Figure 6. Ratio of 13C02,/ lzCO, in expd air from Charles 
River mice dosed orally with 175 mg/kg 3C-methyl methionine. 
Data points are corrected ratios times 1000 and represent the 
average of four mice. (EI) Corrected ratios for expired air; (+) 
fitted data with apparent rate constants, as described in Table 1. 
Fitted data are calculated from the model R = - 17.973e~--0”H4*C) 
+ 2,06&-.038’1) + 13 24e<- 000457’1) where e is the natural log and 
t is time in minutes. 
change in the isotopic ratio; there were two rate con- 
stants for formation and two for elimination. Rate 
constants are summarized in Table 1. Critical evalua- 
tion of the apparent differences requires a more objec- 
tive means of determining the rate constants. 
To determine if certain genetic disorders might have 
any influence upon the conversion of ‘3C-rnethyl me- 
*- . q RATIO 
l FInED DATA 
13.2 I 
B 
13.7 
11.7 
0 100 
MN UTES 
Figure 7. Ratio of ‘sCO,/‘*CO, in expired air from Charles 
River mice dosed intqeritoneally with 175 q/kg 13C-methyl 
methionine. Data points are corrected ratios times 1000 and 
represent the average of data from four mice. (0) Corrected 
ratios for expired air; (+) fitted data with apparent rate con- 
stants, as described in Table 1. Fitted data are calculated from the 
model R = - 1&39.1011e~‘-~225’” + 14.0631c’-~ooo94’*” where e is 
the natural log and t represents time in minutes. 
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thionine to 13C0,, two mice were evaluated, one with 
short chain acyl-coenzyme A dehydrogenase defi- 
ciency (BALB/cByJ) and the other normal (BALB/cBy). 
The animals were virtually identical in their 
metabolism of 13C-methyl methionine to CO,. Their 
rates of CO, formation and elimination, though, were 
more similar to Charles River mice that were dosed 
intraperitoneally. 
Human studies consisted of one control and one 
experimental subject, and so they serve primarily to 
demonstrate that the technique is applicable to humans. 
Human data shown in Figure 8 are from a black 
female who was diagnosed as manic-depressive, or 
b&polar. Rates of formation, K,, and the rates of elimi- 
nation, K,, were different from the control subject (see 
Table 1). The control subject had two phases for 13C0, 
formation; the bi-polar subject only one. Only a single 
exponential phase for elimination was identified in 
each subject and it was longer than the terminal phase 
for elimination in mice. 
Discussion 
In this report we have described the measurement of 
isotopic ratios of ‘3C02/12C02 in expired air follow- 
ing the administration of 13C-methyl methionine. The 
technique is unique in that it uses a quadrupole mass 
spectrometer and provides real-time analysis such that 
with improvements in data reduction, results (or diag- 
nosis) could be available in hours instead of days or 
weeks. Of significant importance is the availability of a 
mouse model for the study of metabolic processes that 
are important in humans. The potential for diagnosis 
of a variety of metabolic disorders has been well illus- 
trated by other investigators [3-71. The alternate meas- 
urement of an internal standard and the sample elimi- 
nated many of the problems previously associated 
with the quadrupole, such as changes in sensitivity 
and a drift in the mass axis. While the quadrupole 
does not match the isotope ratio mass spectrometer in 
terms of absolute sensitivity and specificity, it is 
nonetheless effective for metabolism studies described 
here that are of interest to biologists. Of particular 
importance is the direct analysis of expired air that 
makes the collection of samples unnecessary, and the 
small sample size required makes it possible to evalu- 
ate small animals individually and in real time. This 
should make the technique attractive for the develop- 
ment of small animal models for the study of metabolic 
disorders and the application of those studies to the 
diagnosis and treatment of metabolic disorders in 
neonates. Because the data are available almost imme- 
diately, diagnosis should be more rapid and treatment 
more timely. 
The assumptions underlying our experiments are 
quite simple: first, CO, that is formed as a result of 
metabolism enters the CO2 pool(s) and is eliminated in 
expired air in proportion to its concentration in that 
pool(s); second, the overall rate of production of CO, 
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Table 1. Summary of results with apparent rate constants and half lives 
EXPERiMENT DOSE mg /kg K,, (mind’) t,, (h) K,, (min- ‘1 tin (h) K,, (mini’) t,, (hb K,> (min ‘b 1,, (hb 
Human WM 15 12.46 x 10’ 9.05 x 10 2 3.33 x 10 4 
Control 0.09 h 0.13 h 34.67 h 
Humah BF 15.7 6.61 x 10 2 2.79 x 1w4 
Bi-polar 0.17 h 41.46 h 
Mouse 175 11.84 X IO-’ 3.78 x 10.’ 4.57 x 10-b 
Low dose p.o. 0.098 h 0.31 h 25.26 h 
Mouse 175 22.50 x 10 ’ - 9.42 x 10 4 
Low dose 1-p. 0.05 h 12.26 h 
Mouse 350 42.05 x 10.’ 10.32 x 1O-2 27 40 x 10~’ 10.36 x 1O-4 
High dose i.p. 0.002 h 0.11 h 0.42 h 11.14h 
Mollse 175 20 38 x 10~’ 10.14 x 10-4 
Low dose p.o. 0.057 h 11.39 h 
BALB /c 
BF= black female; K,, and K,, are the apparent rate(s) of farmatlon while K,, and K,, are the apparent rate(s) of ellminatlon: 
WM = white male. 
does not change remarkably during the course of the 
experiment, and finally, the conditions for metabolism 
and elimination are all first order. While these 
assumptions may not be true for all substrates 
and doses, based upon the conditions described 
herein, they do appear to hold for the metabolism of 
methionine. 
Upon reflection it is clear that the selection of a 
substrate is critical, because some carbons are not 
converted to CO,. Furthermore, some CO, is formed 
but is not eliminated in the expired air. Such losses in 
the urine, feces, and sweat are expected to be not only 
small, but proportional to the loss in expired air. Of 
more concern is the “natural” fluctuation of the iso- 
0 RATIO 
0 FITTED DATA 
12.0 
77.5 ‘I 
0 104 200 
MINUTES 
Figure 8. Ratio of ‘“CO,/‘*CO, in expired air from .a bi-polar 
(manic-depressive) black female who received lg ‘iC-methyl 
methionine in distilled water. (a) Corrected ratios fur expired 
air; (+ ) fitted data with apparent rate constants, as described in 
Table 1. Fitted data were calculated from the model R = 
- 6.14Be’ -.066-t’ + 13.09Re’ 000279’t’ where e represents the natu- 
ral log and t is the time in minutes. 
topic ratio in expired air. According to Schoeller et al. 
[8], such fluctuations occur in the elimination of ‘3C0, 
during the course of the experiment as a result of the 
body’s use of different energy pools. These fluctua- 
tions may limit the ultimate precision for measure- 
ment of the ‘3C02/72C0, ratio in expired air follow- 
ing tracer doses of labeled substrate, but such preci- 
sion is not necessary for the metabolic events de- 
scribed herein. For example, in the control experiments 
in which no labeled substrate was administered, the 
ratio of ‘3C0,/12C0, at rest was not subject to dra- 
matic shifts, and the ratio of the two major isotopes 
45/44 was statistically stable for individual subjects. 
We found that the average ratios for individual un- 
treated control animals over the course of 2 h were 
statistically different. While we cannot rule out real 
differences in the ratios, the fact that the animals were 
all from the same litter and were all housed together 
suggests that the differences were more likely due to 
small differences in the machine or in the ambient 
conditions during the different experiments. While 
those differences are statistically significant as a result 
of good analytical precision, they are really quite small 
when compared with the differences occurring after 
administration of labeled methionine. 
Irving et al. [!I] suggested a four-compartment model 
to describe the elimination of 13C0, following the 
administration of NaH’“C03 to humans. As they 
pointed out, the changes in CO, elimination from day 
to day were such that comparison is best made between 
or among populations. The similarity of mice to hu- 
mans is striking in this regard. We have also found the 
possibility of multiple compartments, but most likely 
not the same as those reported by Irving because we 
collected more data points over a much shorter time. 
Extending our methodology to longer time periods is 
technically possible, but requires a different experi- 
mental design to deal with the interruption of resting 
metabolism that is expected to occur. 
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The method does not account for all of the possible have not yet confirmed that report, we have demon- 
isotopic variants of CO, that might be formed, but 
neither does it become encumbered in methodology, 
strated that the evolution of 13C0, from a labeled 
which would make it unavailable to most laboratories 
substrate can be monitored externally in real time 
and/or unattractive to many clinical applications. If 
through evaluation of the expired air with adequate 
the assumptions are extended to the other isotopes, it 
sensitivity and specificity. Additional studies are in 
is clear that they will be formed in the same proportion 
progress to further evaluate the environmenta and 
as m/z 45, which corresponds to ‘3C’60,. 
metabolic conditions affecting the conversion of me- 
thionine and other substrates to CO,. 
Limiting consideration of the metabolic processes to 
the formation and elimination of ‘3C02 allowed us to 
focus on the measurement of isotopic 13C0,/ 12C0, 
ratios rather than the mechanism of metabolism. We 
were able to follow the formation of 13C0, over time, 
which provided information on the turnover of 13C- 
methyl methionine. 
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